Traditionally, rock climbing was one aspect of mountaineering. Mountaineering usually involves multiday summit attempts of high mountains that combines hiking, scrambling, and technical climbing on rock and ice while carrying all necessary gear in a pack.
There is now an international circuit of climbing competitions that take place on indoor climbing walls. Many indoor climbing gymnasiums have been constructed in the United States and Europe using specially fabricated modular holds which enable climbers to train regardless of the season. Climbing walls are set up to accommodate varying skill levels by modifying wall angles and hold size.
Despite the rising popularity of this sport, to date there are few studies reporting physiological responses during rock climbing. Much of the research on mountaineering has focused on physiological changes at high altitude.' In addition, some studies have measured physiological responses during exercise using either a Versaclimber"6 or climbing treadmill 8 to simulate climbing. Although Williams et a?
reported heart rate (HR) and plasma catecholamine responses during ascents of short rock faces, the angle of the ascent and difficulty of the climbs were not specified. One recent study by Billat et al'0 examined the change in whole body oxidative metabolism during climbing on modular walls. They used four experienced climbers to compare Vo~max measured during running and upper body pulling with that measured while climbing two difficult climbing courses.
Thus the purpose of the present study was to measure physiological responses to indoor rock climbing during easy, moderately difficult, and difficult climbs. Knowledge of metabolic and cardiovascular responses to various activities is useful for exercise prescription, to evaluate the safety of activities for various populations, to code more precisely for activity self-reports, and to assess nutritional needs and training methods. In addition, we sought to provide a base of descriptive measures that can be utilised to generate more complex physiological questions for the sport in future research studies. We hypothesised that there would be significant differences in the HR, oxygen consumption (Vo,), blood lactate, energy expenditure (EE), and respiratory exchange ratio (RER) for the three levels of climbing difficulty.
Methods
Fourteen climbers (nine men, five women) volunteered for the study. Subjects responded to recruitment posters placed at a local indoor climbing facility. They were experienced climbers who were able to complete three rock climbing courses of increasing difficulty taking five minutes each.
Volunteers reported to the climbing facility with their climbing harness, shoes, and chalk bag. All subjects refrained from exercising at least 12 hours before testing, and eating at least two hours before testing. Comprehensive health history questionnaires showed that all subjects were free from injury and disease. Informed consent was obtained from each participant before testing.
Subjects were weighed in shorts and T-shirts without shoes on a calibrated medical balance beam scale (Health-o-meter, Bridgeview, IL, USA) to the nearest 0.1 kg. Gear weight (climbing shoes, harness, chalk bag, and data collection instrumentation) was measured on the same medical balance beam scale, and averaged 3.1 kg with less than 0.5 kg variation between subjects. Total weight was calculated by adding gear weight to body weight (since this is the weight that was supported during climbing). Height was measured to the nearest 0.5 cm.
All trials for each subject were performed on the same day. Before any data collection, subjects were allowed to practice climbing while wearing the data collection apparatus. The preparatory time was also used to ensure that all apparatus was properly and securely fitted. Before each trial, subjects performed a standardised timed five minute warm up including stretching and easy climbing. Sub Expired air was collected during the last minute of each climbing trial using a Douglas bag attached to the climbing harness. A face mask (M 1410, Hans Rudolph, Kansas City, MO, USA) covering the nose and mouth was attached to 1 m of low resistance tubing connected to a 200 litre capacity Douglas bag. Subjects wore this apparatus throughout each climb. A two way valve was opened during the last minute of each trial to collect expired air into the Douglas bag. The valve was opened as the subject approached the lowest footholds, and the gas sample was obtained without delaying the progress of the climber. The valve was closed immediately after the subject returned to ground. The total collection time was recorded for the calculation of volume of expired air (VE).
VE was measured using a flow meter (Singer, Philadelphia, PA, USA). Fractions of oxygen and carbon dioxide were measured with paramagnetic and infrared analysers respectively (Erich Jaeger, Hoechberg, Germany), which were calibrated with gases of known percentages. Vo, Vco,, and RER were calculated and EE was calculated using the non-protein RER kJ equivalents. All gas samples were analysed within one hour of data collection. HR was measured continuously and stored in memory using a small telemetry unit (CIC Heartwatch, Hempstead, NY, USA). The transmitter was placed on the chest and attached to two standard electrocardiograph electrodes. Electrodes were used in place of the chest strap provided by the manufacturer to prevent constriction of the chest which may have restricted breathing. The receiver was attached to the subject's wrist and was angled so that researchers could easily read the digital display to ensure that the telemetry unit was functioning properly during the trials. The average HR from the final minute of each trial was used for analysis.
Blood samples from the ear lobe were obtained before the first climbing trial, and after each climbing trial to determine resting and exercising blood lactate concentrations. Before any other data collection, a topical heating agent (Balsem Gosok, Tangerang, Indonesia) was rubbed on to both ear lobes to stimulate blood flow to the area. After 15 minutes of seated rest, a sterile lancet was used to make a small incision into the base of one ear lobe, and 30 gl arterialised blood was collected into a heparinised capillary tube. The blood was then transferred to a tube prepared with 100 pl 7% perchloric acid. Only one resting blood sample was taken to lessen the number of ear punctures required. Post-exercise blood samples were drawn one or two minutes after each climbing trial to allow time for the subject to remove the apparatus and sit down after climbing. Research Data from these three studies show relatively low Vo, values compared with corresponding HR levels. These data indicate that the relationship between HR and Vo, appears to be non-linear during rock climbing. Although HR increased progressively as a function of difficulty, Vo, remained constant across the trials. This response to rock climbing differs from the typical linear HR-Vo, relationship demonstrated for exercise modes such as running and cycling.7 22 Isometric work elicits a disproportionate rise in HR in relation to Vo2. Although care was taken in the present study to instruct subjects to minimise isometric holding during the climbing trials, isometric work could not be eliminated. Climbing requires combined arm and leg work, characterised by dynamic moves, interspersed with periods of isometric muscular contractions. This pattern alternates between the legs and arms, usually allowing two to three points of contact on the holds for support while moving. In general, on easier climbs, the legs do more of the work, similar to climbing a ladder. However, as climbs become more difficult, the importance of arm work and isometric contraction increases. Although the amount of isometric work was not measured in this study, it was observed that climbing speed slowed and isometric holding increased with the difficulty of the climbing trial. Data collected during three climbing trials showed significant increases in HR and lactate but only modest increases in Vo2. Given that isometric muscular contraction and raising the arms above the level of the heart are often necessary during climbing, the traditional HR-Vo, relationship should not be used in the analysis of this sport or for prescribing exercise intensity for climbing activities. Also, the significant differences in HR and lactate between three increasingly difficult climbing trials (and significant difference between the easy and difficult trials for Vo,, Vco,, VE, and EE) indicate that the ratings system currently used by climbers discriminates well between easy, moderate, and more difficult climbs.
Additional research is needed to assess the amount of isometric and dynamic movement during climbing, the relative use of aerobic and anaerobic metabolic pathways for energy production during climbing, as well as the contribution of muscle strength and endurance to rock climbing performance. 
